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Abstract 
This work focuses on the fabrication of nPERT (Passivated Emitter, Rear Totally Diffused) devices incorporating an epitaxially 
grown single side rear-emitter. Such epi-nPERT cells are fabricated in a simplified way using the selectivity of the epitaxial 
deposition, which is obtained by a PECVD-SiOx layer, that not only mask the front but also passivates the cell. The cell 
performance is studied in terms of : i) various front surface fields (FSF) applied prior to emitter epitaxy and ii) usage of laser 
doping as an alternative to laser ablation for a front contacting scheme.  The results show: i) a clear relationship between the 
depth of the homogeneous FSF and its impact on the open circuit voltage of the devices, with a shallow FSF having the highest 
VOC loss due to laser damage and ii) laser doping on devices with a relatively deep diffused FSF giving 8mV increase in VOC as 
compared to devices with ablated dielectrics and a VOC increase of almost 30mV in case a shallow selective FSF is applied. This 
results in a best efficiency obtained so far for the epi nPERT devices of 21.6% (226cm2). 
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1. Introduction 
Epitaxy for Photovoltaics (PV) is an emerging field as it offers multiple technological opportunities that would 
not be possible by conventional practices. Next to single side local doping, which can compete with single side 
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dopant implantation, epitaxy can bring solutions for blanket, and selective doping through dielectric masking [1, 2, 
3]. The need for certain thermal budget along the process, for dopant drive in and/or activation, can be achieved by 
means of in-situ epitaxy [3]. Moreover, the growth itself leaves neither damage nor residual product of the doping or 
growth reaction at the end of the process, like diffusion glass, reducing the number of post deposition treatment steps 
to zero. This and the overall freedom in doping profile offered by epitaxy, gives the possibility of tailoring the grown 
layers down to the nanometer scale and makes epitaxy attractive for a traditionally conservative field as PV.    
In addition, recent internal cost of ownership calculations show that the total cost of nPERT cell fabrication based 
on BBr3 diffusion versus nPERT cells, where the emitter is realized by selective blanket epitaxy, is higher for the 
first case. Due to the simplified process sequence and the absence of diffusion glass removal, the epitaxial route is 
0.05 $/wafer cheaper compared to the BBr3 diffusion route. The advantage listed above is calculated based on primer 
criteria of # of steps required to achieve single side emitter fabrication and passivation, where in case of selective epi 
it is a 2-step process, whereas in case of BBr3 diffusion these are at least 4 steps in a modest sequence of co-diffusion 
processes. Overall cost of epi nPERT cell is almost 0.1$/cell cheaper than in case of BBr3 nPERT cell and it is 
assumed that cost /Wpeak of epi nPERT cell would actually reach the so called brake even point with the conventional 
screen printed pPERC cell by application of screen printing front and rear and by face-to-face FSF diffusion which 
would than allow for further reduction in one more step which is n++ reach layer etching at the rear. 
Regarding the availability of high throughput epitaxial reactors, there is little choice on the marked that would 
satisfy PV needs and PV requirements. Attempts are done to build up tools from existing knowledge in IC industry 
and tool manufacturers. The efforts need however to intensify in the coming future in order to see the real potential 
of epitaxy in PV [4-5].    
This paper focuses on the front side of nPERT devices (see figure 1 for cell cross section) with the rear emitter 
obtained by Boron-epitaxy. Particularly, the effect of the front surface field (FSF) on VOC and contact formation by 
the use of laser ablation (resulting in a homogeneous FSF, see figure 1- left) and laser doping (resulting in a selective 
FSF, see figure 1-right) is studied. In the latter case, patterning and local doping to the underlying silicon is done in a 
single step [6]. A selective FSF is created in that step with a shallower and/or lowly doped front surface field present 
in the passivated area and a deeper doping region beneath the metal contacts. A shallow FSF is beneficial as it 
minimizes Auger recombination and maximizes the short wavelength response of the device. Underneath the metal 
contacts, both the doping as well as the depth of such in-situ laser doped region can be large [7], as it does not 
contribute to the carrier generation. The large volume of molten silicon present during the laser doping can influence 
the effective lifetime of minority carriers by inducing the thermal stresses, however these occur in very specific 
condition of low laser doping speeds [8], and for large process windows have little or no influence on the resultant 
lifetime. In such a scheme, the electrical field in the laser doped area effectively shields the damage formed during 
laser processing.  In an extreme case scenario, even cells without a diffused FSF could be fabricated, leading to a 
diffusion-free cell architecture realized fully by epitaxial and laser processes. 
Fig. 1. Cross section of an epi- nPERT cell with rear epitaxial emitter. Left: front contacting scheme using laser ablation, right: front contacting 
scheme using laser doping. 
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2. Experimental information 
The compatibility of the process sequence incorporating an epitaxial emitter in a n-PERT baseline flow was 
studied elsewhere [3] and, supported by numerous short loop tests, led to the most suitable integration flow 
incorporating the epitaxial emitter in nPERT devices (see figure 2). This process flow is based on thin PECVD 
oxide layer at the front, applied prior to epitaxial rear-emitter growth that not only is masking the front of the device 
against parasitic deposition of Boron-doped silicon, but also serves as a passivation layer, which is activated during 
thermal budget of the epitaxy. For the above mentioned reasons, there is obviously no need to remove the mask after 
emitter growth.  KOH based texturing was used for limited Si removal (8μm/side) and uniform reflectivity response 
<10% within the wafer, with low approximately 4μm size pyramid size. 
An emitter box profile with a uniform Boron doping of approximately 2x1019 cm-3 (p+), grown at 950 ࡈC was used 
in all discussed results of this paper. An Al2O3-/SiOx dielectric stack was used at the rear of the devices for 
passivation of the p+ emitter and for optical purposes. A specific difference, and at the same time, a simplification of 
the epi-nPERT integration in comparison to the conventional BBr3 diffusion flow is the possibility to process 
devices directly on double side KOH textured surfaces as can be deducted from Figure 2 and as has been already 
demonstrated previously [3]. The FSF formation and front passivation layer are applied prior to epitaxy and no post 
deposition treatment is required after epitaxy. Another simplification of the flow integration is the fact that n+ FSF 
region is removed from the rear and peripheral regions of the devices prior the epitaxy via wet etch, and the growth 
of the p+ emitter is single sided and selective to the front side of the device. The results discussed in this paper will 
focus mainly on the use of various front surface fields (FSF) obtained by POCl3 diffusion and two front contacting 
schemes by laser ablation and/or laser doping processes. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2. Schematic drawing representing the integration of the epitaxial emitter in n-PERT flow (right sequence) in comparison to a flow based on 
B- diffusion (left sequence). The back-end contacting scheme is common to both routes and its steps are listed below the two sequences. 
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3. Results and discussion 
The PECVD SiOX layer is not only giving the possibility for single side epitaxial processing, but is a very 
effective passivation layer with effective lifetime at 1015 cm-3 of ~1360 μsec, J0 values ~9 fA/cm2 in case of 
passivation of shallow n+ FSF region (in Table 1, data presented for ~300/sq FSF), and J0 values of 4 fA/cm2 or 
below in case no FSF region is applied. It is worth to mention that the passivation properties of the PECVD SiOX are 
only revealed after the oxide layer is thermally treated, which happens simultaneously during the high temperature 
step (950ࡈC) of the epitaxial emitter growth. 
Table 1. Effective lifetime (at 1015 cm-3), surface recombination velocity SRV at 1Sun and J0,FSF (at 1016 cm-3) for PECVD SiOx on a symmetric 
structure containing PECVD SiOx of 20 nm with and without  FSF. Data present the PECVD SiOX passivation properties before and after 
epitaxial thermal budget at 950ࡈC. 
 Before epitaxy, directly after PECVD SiOx After epitaxial thermal treatment of PECVD SiOx 
 Weff (μs) J0,FSF (fA/cm2) SRV (cm/sec) Weff (μs) J0,FSF (fA/cm2) SRV (cm/sec) 
No FSF ~10 - >650 1801 4.3 10.3 
FSF 300 /sq ~10 - >650 1360 9.3 12.2 
 
It was reported elsewhere that front laser ablation damage can impact the local J0 prior to metal, significantly 
from values ~7000 fA/cm2 for an FSF depth around 500 nm to values t20000 fA/cm2 for shallower profiles [9,10]. 
This is due to the fact that shallower FSF are more sensitive to the damage created by the laser. The modified 
electrical field, changed by the laser damage extending beyond the region of the FSF, can no longer effectively repel 
the minority carriers from the recombination sites, which translates in lowered VOC and increased J0,laser of these 
devices. The clear relationship between the depth of the FSF and VOC performance is seen in Table 2. This high 
impact of the laser damage can be avoided by the integration of a deeper diffused FSF, homogeneous over all 
surface, or by local laser doping (=selective FSF with deeper doping below contacts), as can be seen in Tables 2 and 
3.  Comparing a homogeneous FSF (FSF-2 in Table 2) with a selective FSF (FSF-2 + laser doping) one can see 7-
8mV improvement in open circuit voltage for the latter. This is valid even for a relatively deep FSF of 400nm.  
On the other hand, in case of shallow homogeneous FSF (FSF-4 with a depth of 280nm in Table 2), we see the high 
impact of laser ablation damage. In case of contacting such a shallow, diffused region by laser ablation, high 
recombination rates at the top surface are present, due to large laser damage. In such case not only VOC of the device 
is impacted but also JSC (Table 3), since the top surface corresponds to one of the highest generation regions of 
carriers in a solar cell. The VOC is at the level of 650mV for this shallow, homogeneous FSF-4. On the other hand, if 
such shallow FSF (FSF4- with depth of 280nm) are contacted using the laser doping process, the VOC of such cells 
reaches level of 680mV. This is because laser doping creates selective FSF reaching >2.5μm locally below the 
contacts, and remains shallow and well passivated in the other locations at the top surface of the device. 
Table 2. J0 values extracted at 1016 cm-3 (Un-type=4 :.cm) for the FSF in n-type PERT cells fabricated with the B-doped epitaxial route. Emitter 
(80/sq) was realized at temperature of 950ࡈC and the front passivation used is realized by PECVD SiOX thermally treated during in-situ  step of 
epitaxy. LD=laser doping, LA=laser ablation, Ns= surface concentration. Laser doping (LD) process creates selective FSF reaching >2.5μm 
locally below contacts. 
Condition 
FSF 
Laser  Depth 
diffused 
FSF 
(nm) 
Ns FSF 
(at/cm2) 
J0, FSF 
(fA/cm2) 
RSHEET FSF at the 
end of process 
(Ohm/sq) 
SunsVOC (mV) 
FSF1 LA 480 3x1019 22 100 677±0.1 
FSF2 LA 400 6x1019 28 130 673±1 
FSF2 LD 400 6x1019 28 130 680±2 
FSF3 LA 300 6x1019 18 147 664±2 
FSF4 LA 280 4x1019 9 300 659±1 
FSF4 LD 280 4x1019 9 300 685±0.1 
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Most optimized contacting scheme in such case is by local laser doping, as it allows for better shielding of the 
damaged regions. A shallow, and/or lowly doped diffused layer at the front passivated region, maximizes the short 
wavelength response due to reduction in Auger recombination and improved surface passivation. It also influences 
the long wavelength contribution due to reduced free carrier absorption (FCA). This can be seen in Figure 3 
showing the internal quantum efficiency (IQE) and reflectance of the epi n-PERT devices with shallow, but 
selective FSF-4 in comparison to similar devices with a deeper homogeneous FSF-1. The blue response of both of 
the devices with epitaxial emitter is higher in comparison to the device with B-diffusion, as the integration of the 
epitaxial emitter involves FSF treatment that reduces doping at the front, and this is for both deep, homogeneous as 
well as shallow, selective FSF. Long wavelength response for the epitaxial nPERT cells is still lower in comparison 
to the BBr3 diffused emitter due to the fact that epitaxial emitter is highly doped in this case and suffer more from 
free carrier absorption. 
Fig. 3. IQE and reflectance showing comparison between reference cell with diffused Boron rear emitter and homogeneous FSF1 and two of the 
cells with rear Boron epi-emitter and homogeneous FSF1 or optimised selective FSF4 . Left: zoom-in into the short wavelength response of the 
chosen cells showing improved blue response for the cells with single side epitaxial emitter due to the fact that integration involves FSF treatment 
that reduces doping at the front. Additionally curves with selective FSF4 (circles) give best blue response that translate into good infrared 
response of the cell. 
Selective laser doping allows for good contact resistance and low recombination rates in the contacting regions 
(Tables 2, 3).  VOC of such cells contacted by selective laser doping is boosted by 28mV in comparison to cells with 
same diffused, shallow FSF, but contacted via laser ablation (LA), giving values of up to 680mV (see FSF-4 with 
laser doping in Table 3). Best efficiency reached in that case was up to 21.6%. This is attributed to improved 
shielding of minority carriers below metal contacts. 
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Table 3. Light IV data of epi-nPERT cells (226 cm2) obtained with various types of FSF, as listed in Table 2. Presented solar cells 
parameters are measured against calibrated reference cell at ISE Callab. (ȡ= contact resistance to FSF) 
Condition 
FSF 
Laser JSC 
(mA/cm2) 
VOC 
(mV) 
FF 
(%) 
Efficiency 
(%) 
ȡ 
(mȍcm2) 
FSF1 LA 39.1±0.1 673±1 81±0.1 21.3±0.1 0.31 
FSF2 LA 39.2±0.1 664±1 79.9±0.1 20.8±0.1 0.31 
FSF2 LD 39.2±0.1 672±1 79.8±0.4 21.0±0.1 0.31 
FSF3 LA 38.9±0.1 658±1 79.5±0.4 20.4±0.1 0.36 
FSF4 LA 38.5±0.1 651±1 78.1±0.3 19.6±0.1 0.60 
FSF4 LD 39.3±0.1 679±1 80.3±0.7 21.4±0.2 0.31 
FSF4-Best LD 39.3 679.1 80.8 21.6  
Conclusions 
Integration of a single side emitter by epitaxy was successfully demonstrated on n-Si rear junction devices using 
simplified integration in comparison to their sister cell architecture by BBr3 diffusion. Best solar cells measured 
reached 21.6% on large area and 21.4% in average. The devices with epitaxial emitter are using a PECVD mask at 
the front enabling selectivity of the emitter growth, and at the same time assuring very effective front passivation. In 
this paper various front surface fields were screened and coupled with two patterning schemes by laser ablation and 
laser doping, showing that for optical and passivation purposes it is favorable to have shallow and lowly doped FSF 
at the front of the device below the passivated region and that it is electrically favorable to contact these shallow 
FSF layers by laser doping with the additional field effect passivation. Optimization of the laser processing scheme 
adequate to the given FSF layer has led to clearly reduced front recombination losses and a VOC increase of almost 
30mV. This increase was attributed to improved shielding of minority carriers below metal contacts.  
Single side emitter epitaxy was also realized in a cost effective integration manner, where the CVD emitter 
growth is coupled with other inherent and crucial processing steps like masking and passivation of the front. The 
latter happens simultaneously during the high temperature epitaxial growth. This integration advantage, plus the 
absence of the diffusion glass removal or dopant activation step, results in a lower cost of ownership for this process 
sequence by 0.05$/wafer. 
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